A small population of retinal ganglion cells expresses the photopigment melanopsin and function as autonomous photoreceptors. They encode global luminance levels critical for light-mediated non-image forming visual processes including circadian rhythms and the pupillary light reflex.
where they make en passant (in passing) contact with ON bipolar cell axons and synaptic contact with dopaminergic amacrine cells (Vugler et al., 2007; Zhang et al., 2008; Hoshi, Liu, Massey, & Mills, 2009; Berson et al., 2010) . However, during development, a subpopulation of melanopsin ganglion cells extend dendrites into both the IPL and to either the outer plexiform layer (OPL) or the INL (Renna, Chellappa, Ross, Stabio, & Berson, 2015) . These dendrites have been termed outer retinal dendrites (ORDs) and ORDs in the OPL closely associate with cone axon terminals (Renna et al., 2015) . At postnatal day 4 (P4), ORDs are virtually nonexistent. As postnatal retinal development progresses, the number of ORDs stratifying within the OPL and INL increases, with the highest density occurring between P8 and P12. As the retina continues to mature, ORD density decreases.
ORDs that extend into the OPL ramify in close apposition to cone photoreceptor terminals, suggesting synaptic transmission between cone photoreceptors and melanopsin ganglion cell ORDs. Postsynaptic glutamate density protein 95 (PSD95), a marker for excitatory synapses, has been shown to be closely associated with ORDs in the OPL, suggesting that ORDs are the postsynaptic partner to glutamatereleasing cone photoreceptors (Renna et al., 2015) . A cone to biplexiform ganglion cell circuit defies the conventional mammalian retinal sig- (Holmberg, 1970) . In addition, ORDs have recently been seen in macaque retinal tissue (Liao et al., 2016) , further suggesting that this potential ganglion cell-photoreceptor circuit has been evolutionarily conserved.
Anecdotal evidence suggests ORDs originate from M1 and M1d melanopsin ganglion cells (Renna et al., 2015) . Although melanopsin ganglion cells are distributed evenly across the entire retina, M1 and M2 cells are predominantly located in the dorsal retina, while M4 and M5 cells are predominantly located in the ventral retina (Hughes, Watson, Foster, Peirson, & Hankins, 2013; Valiente-Soriano et al., 2014) . Interestingly, it has been postulated that there is a correlation between the dorsal and ventral asymmetrical distribution of both melanopsin ganglion cells and cone photoreceptor opsins. In the mouse retina, most cones co-express m-opsin (medium wavelength opsin) and s-opsin (short wavelength opsin). M-opsin is expressed at low concentrations in the ventral retina and high concentrations in the dorsal retina (Applebury et al., 2000) . In contrast, s-opsin is predominantly expressed in the ventral retina (Applebury et al., 2000) . 
| M A TE RI A L S A ND M E THOD S

| Animals
All experiments were conducted according to NIH guidelines under protocols approved by the Institutional Animal Care and Use Committees of the University of Akron. Wild-type male and female C57BL/6N mice were used for all experiments and were housed in cages in the University of Akron vivarium. Mice were used at ages P8, P12, and P30 (adult). 24 mice (48 retinas) were used in total for this study. All animals were maintained on a 12-hr light:dark cycle.
| Antibodies
The primary antibodies (Table 1) Panda et al. (2002) , in which the antibody reveals no reactivity in melanopsin knockout mice. Additionally, Berson et al. (2010) showed lack of reactivity when this antibody was preabsorbed with its immunogen. The melanopsin staining pattern in our study matches that of studies done by Berson et al. (2010) .
The polyclonal anti-vesicular glutamate transporter 1 (VGLUT1) antibody (Millipore, Cat# AB5905, RRID: AB_2301751) was raised in guinea pig against a synthetic peptide from the rat VGLUT1 protein (GATHSTVQPPRPPPPVRDY) and selectively labels the terminals of photoreceptors and bipolar cells (Johnson et al., 2003) . The antibody specificity is demonstrated by colocalization with a well-characterized VGLUT1 antibody from RH Edwards (Bellocchio et al., 1998) . The VGLUT1 staining pattern shown here is the same as the staining pattern in the mouse retina of previous studies (Bellocchio et al., 1998; Sherry et al., 2003; Phillips, Otteson, & Sherry, 2010) .
The polyclonal anti-s-opsin antibody (Santa Cruz Biotechnologies, Cat# sc14363, RRID: AB_2158332) was raised in goat against 20 Nterminal amino acids (EFYLFKNISSVGPWDGPQYH) of the human OPN1SW protein. The specificity of this antibody was demonstrated by lack of reactivity when preabsorbed with its immunogen (Schleich, Vielma, Glosmann, Palacios, & Peichl, 2010) . This s-opsin antibody has previously been characterized in retinal studies and has been shown to reliably label s-opsin cone outer segments (Haverkamp, Grunert, & Wassle, 2001; Schiviz, Ruf, Kuebber-Heiss, Schubert, & Ahnelt, 2008) .
| Immunohistochemistry
In order to determine morphology of ORDs in the OPL, triple label immunohistochemistry staining of retinal wholemounts from C57BL/ 6N mice at postnatal days 8, 12, and 30 (adult) was conducted similarly to Renna et al. (2015) . The eyes were dissected in 0.1M phosphatebuffered saline (PBS) immediately after euthanasia and the retinas were mounted on nitrocellulose membrane ganglion cell side up. Retinas were then fixed in phosphate-buffered paraformaldehyde (4%) for 45 min. After a wash (3 3 15 min in PBS), the retinas were placed in blocking solution (1.7% Triton-X and 5.2% donkey normal serum in PBS) at 48C overnight. The retinas were then incubated and shaken on a rotator for 6 days at 48C in blocking solution with a mixture of pri- 
| Image acquisition and quantification
Melanopsin-immunopositive dendrites in wholemount retinas were imaged using an Olympus FV1000 confocal laser-scanning microscope at 403-oil or 603-oil magnification and the images were acquired using Olympus FV1000 software. The z-stacks of confocal images were collected at 0.45-1.0 lm intervals and the images were analyzed Figure 2 ) in Adobe Photoshop CS6, using the confocal z-stacks as a template. The pencil tool was used to trace the processes of melanopsin-immunopositive cells.
| Determining the subtypes of cells that have ORDs
To definitively determine the subtype of melanopsin ganglion cells that have ORDs in the OPL, we analyzed melanopsinimmunopositive dendrites in wholemount retinal confocal z-stacks.
The high resolution of the images, as well as the nuclear counterstain allowed for better identification of ORDs and tracking the dendrites from the OPL to the soma than previous methods by Renna et al. (2015) . ORDs in the OPL were identified as melanopsinimmunopositive dendrites that travel up to stratify within the OPL.
These dendrites were traced through the retina to the soma of ori- In addition to confocal z-stacks of individual ORDs, we also used an epifluorescence Zeiss Axioplan 2 microscope to record the cell of origin for every ORD (in both the INL and OPL) in wholemount retinas (n 5 4 retinas at P8, P12, and P30) stained for s-opsin and melanopsin.
This was done by systematically locating a melanopsin-positive ORD and visually tracing it back to its soma of origin. Both the location of the ORD and the location of the soma it originated from was manually recorded on a retinal map.
| Identifying retinal distribution of ORDs
Before enucleation, a ventral burn was made on the cornea. Once the eye was removed, a ventral cut was made based on the location of the burn in order to mark the ventral location of the retina. After wholemount retinas were stained (n 5 7 at P8, n 5 11 at P12, n 5 8 at P30) melanopsin-positive ORDs in both the INL and OPL were identified using a Zeiss Axioplan 2 or Olympus BX51 epifluorescence light microscope and their location was manually recorded on a retinal map. The s-opsin protein is known to be expressed at a higher concentration in the ventral portion of the mouse retina (Applebury et al., 2000) , so the s-opsin gradient and the ventral cut were used to identify the ventral location of the retina. To calculate the highest concentration of s-opsin, a program was written with C# to identify the brightest region of s-opsin staining. The s-opsin distribution was considered to be highest in the area of the retina where the pixel intensity values were the highest. A vector was drawn through the center of the ventral retina, through the optic nerve, and through the dorsal retina to delineate the nasal retina from the temporal retina. A perpendicular line was drawn across the retina to distinguish the dorsal retina from the ventral retina. ORDs were either classified as being dorsally or ventrally located based on their location in reference to the s-opsin gradient. The area of the wholemount retinas was calculated using ImageJ, and the areas were used to extrapolate the mm 2 ORD counts from Renna et al. (2015) (n 5 4; 10.8 mm 2 at P8, 11.9 mm 2 at P12, and 12.4 mm 2 at P30). However, this stratification pattern seems to be an exception to the rule.
| Statistical analysis
| ORDs originate exclusively from biplexiform M1 and M1d melanopsin ganglion cells
Anecdotal evidence suggested that ORDs originate from M1 cells, both conventional and displaced, and also possibly M3 cells (Renna et al., 2015) . Arrows indicate dendrites in the S1 plexus that can also be seen in the respective whole cell tracings in the first column. (c1-c5) Confocal optical sections (0.50 lm) of the melanopsin-immunopositive S1 plexus (magenta). Dendrites that are present in both the whole cell tracing and the S1 plexus have been highlighted for clarity. Arrows indicate dendrites in the S1 plexus that can also be seen in their respective whole cell tracings in the first column. (d1-d5) A single optical section (0.50 lm) generated from a series of confocal images masked to correct for the imperfect flatness of the retina. Immunopositive melanopsin ORDs stratifying in the OPL (magenta). 
| M1 and M1d ORDs in the OPL are morphologically distinct
A distinct pattern of dendrite morphology emerges upon comparing ORDs based on the melanopsin ganglion cell subtype from which they originate. We examined both the length and the number of branch points at postnatal days 8, 12, and 30 (adult) of ORDs in the OPL from M1 and M1d cells, and found them to be morphologically distinct at most developmental time points (Figure 3a, b) . ORDs in the OPL originating from M1d cells are longer ( 
| The number of ORDs peaks at P12
To reevaluate the ORD density estimates made by Renna et al. (2015) , we counted the total number of ORDs in wholemount retinas ( Figure   4a ). At P8, there are 73.28 6 4.74 ORDs, (n 5 7), and the number of ORDs increases as development progresses with 97.91 6 8.05 ORDs (n 5 11) at P12. A large number of ORDs at P8 and P12 extend into the INL or the OPL but do not stratify in either layer, and these were included in our wholemount counts. (n 5 7), 72.90 6 6.24 ORDs at P12 (n 5 11), and 27.75 6 5.06 ORDs at P30 (n 5 8). In the ventral retina, there were 21.42 6 3.47 ORDs at P8 (n 5 7), 25 6 2.56 ORDs at P12 (n 5 11), and 7.25 6 1.66
ORDs at P30 (n 5 8). Thus, at all developmental time-points, there ORDs in an area of the retina that was more dense (such as the dorsal At the same time that ORDs are extending into the OPL (P4-P12), waves of activity sweep across the inner retina and drive melanopsin ganglion cells to depolarize (Renna, Weng, & Berson, 2011) . Melanopsin is the first functional photopigment in development (Fahrenkrug, Nielsen, & Hannibal, 2004; Sekaran et al., 2005; Schmidt, Taniguchi, & Kofuji, 2008) , and light-mediated melanopsin ganglion cell signaling modulates conventional ganglion cells spiking during retinal wave activity (Renna et al., 2011; Kirkby & Feller, 2013) . This suggests melanopsin ganglion cells can feed signals back into the inner retina. In the absence of light, melanopsin ganglion cells are depolarized by retinal wave activity and are critical for visual system development. When 200 M1 ganglion cells are deleted, both image forming and non-image forming systems fail to mature properly (Chew et al., 2017) . ORDs may provide a medium for either retinal wave activity in the inner retina, or lightmediated melanopsin ganglion cell signaling from the inner retina to reach the outer retina, making ORDs a candidate for outer retinal development to be influenced by the inner retina. Additionally, melanopsin phototransduction has been linked to light-mediated changes in 
